The microbiology of subsurface, hydrothermally influenced basaltic crust flanking midocean ridges has remained understudied, due to the difficulty in accessing the subsurface environment. The instrumented boreholes resulting from scientific ocean drilling offer access to samples of the formation fluids circulating through oceanic crust. We analyzed the phylogenetic diversity of bacterial communities of fluid and microbial mat samples collected in situ from the observatory at Ocean Drilling Program Hole 896A, drilled into ∼6.5 millionyear-old basaltic crust on the flank of the Costa Rica Rift in the equatorial Pacific Ocean. Bacterial 16S rRNA gene sequences recovered from borehole fluid and from a microbial mat coating the outer surface of the fluid port revealed both unique and shared phylotypes. The dominant bacterial clones from both samples were related to the autotrophic, sulfur-oxidizing genus Thiomicrospira. Both samples yielded diverse gamma-and alphaproteobacterial phylotypes, as well as members of the Bacteroidetes, Planctomycetes, and Verrucomicrobia. Analysis of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) genes (cbbL and cbbM) from the sampling port mat and from the borehole fluid demonstrated autotrophic carbon assimilation potential for in situ microbial communities; most cbbL genes were related to those of the sulfur-oxidizing genera Thioalkalivibrio and Thiomicrospira, and cbbM genes were affiliated with uncultured phylotypes from hydrothermal vent plumes and marine sediments. Several 16S rRNA gene phylotypes from the 896A observatory grouped with phylotypes recovered from seawater-exposed basalts and sulfide deposits at inactive hydrothermal vents, but there is little overlap with hydrothermally influenced basaltic boreholes 1026B and U1301A on the Juan de Fuca Ridge flank, suggesting that site-specific characteristics of Hole 896A (i.e., seawater mixing into borehole fluids) affect the microbial community composition.
INTRODUCTION
The deep-sea subsurface is characterized by relatively low organic carbon input, elevated pressures, geographically variable temperatures, and sparse nutrient availability. Together, these conditions create unique and challenging habitats for microorganisms. Subseafloor sediments are estimated to constitute a large proportion of Earth's biomass (Whitman et al., 1998; Parkes et al., 2000) , although local cell densities and microbial activities are low compared to surficial sediments (D'Hondt et al., 2004 (D'Hondt et al., , 2009 Jør-gensen and Boetius, 2007) . Less is known, however, about a biosphere potentially hosted in subsurface oceanic basalt crust, largely due to difficulties is accessing this environment. Chemical and microscopic evidence coupled with theoretical models of potential metabolic reactions (Bach and Edwards, 2003) suggest that microbial activity in oceanic crust occurs and may have a significant impact on global biogeochemical cycles. Specifically, gradual microbial oxidation of reduced metals and sulfur species within the basalt crusts results in increased oxidation state and biocatalyzed weathering of ocean crust, as it ages and moves from the center of a mid-ocean ridge to the outer flanks (Bach and Edwards, 2003) . Microaerophilic, autotrophic iron-oxidizing, or nitratereducing bacteria from ridge flank surfaces have been isolated, and include alpha-and gammaproteobacteria ; seafloor basalts from the 9 • N East Pacific Rise harbor mostly gamma-and alphaproteobacteria, and Planctomycetes (Santelli et al., 2008 (Santelli et al., , 2009 ). The question is whether similar bacteria are active in the deep basaltic subsurface.
Scientific ocean drilling provides one potential mechanism for the collection of deep subsurface samples for microbiological analysis. Such drilling is often conducted within the framework of the www.frontiersin.org Integrated Ocean Drilling Program (IODP) and its precursor, the Ocean Drilling Program (ODP). Subsurface drilling can work well in sedimentary layers, since contamination monitoring protocols allow for stringent control of seawater and drilling fluid contamination . By contrast, collection of pristine hard rock crustal samples through drilling is often problematic (Santelli et al., 2010) , and rock sample surfaces are generally prone to seawater and drilling fluid contamination . Installation of long-term observatories within the resulting borehole offers an alternative for exploring subsurface crustal environments. Such borehole observatories, known as Circulation Obviation Retrofit Kits or "CORKs" (Davis et al., 1992; Becker and Davis, 2005) , have been used successfully in the past to study hydrogeologic properties of crustal aquifers (Fisher et al., 2008) and to examine the biogeochemical composition of fluids circulating within oceanic crust (Wheat et al., 2010) .
More recently, the composition of microbial communities inhabiting deep basaltic crust has been investigated through the collection of observatory fluids (Cowen et al., 2003) , mineral crusts formed on the surface on observatories , and mineral chip colonization experiments conducted within the observatories (Orcutt et al., 2011) . Those experiments have focused on a series of CORK observatories, mostly at ODP Hole 1026B and IODP Hole U1301A (Fisher et al., 2005) , installed on the eastern flank of the Juan de Fuca Ridge in the northeastern Pacific Ocean. Here, reduced, anoxic, sulfate-rich hydrothermal (∼64 • C) fluids flow within 3.5 million-year-old basaltic crust. Analysis of borehole fluids and mineral crusts from these sites revealed diverse microbial communities containing novel Firmicutes bacteria, some of which are distantly related to Ammonifex degensii, a chemolithoautotrophic, thermophilic bacterium that oxidizes hydrogen, formate or pyruvate with nitrate, sulfate or elemental sulfur (Cowen et al., 2003; Nakagawa et al., 2006; Orcutt et al., 2011) . Furthermore, enrichment experiments conducted on mineral crusts from the Hole 1026B observatory yielded anaerobic thermophiles, including methanogens, fermenters, and sulfate reducers Steinsbu et al., 2010) . Archaeal communities in these observatories appear to be less diverse and align more closely with cultivated members of thermophilic, hydrogenotrophic methanogens of the genus Methanothermococcus . Similar microbial communities of deep basalt origin might permeate adjacent layers of the overlying sediment column, as indicated by elevated counts of bacteria and archaea in sediments just above the basalt/sediment interface at Juan de Fuca (Engelen et al., 2008) . The microbial community composition of the Juan de Fuca Ridge flank crustal subsurface differs significantly from the composition of communities harbored in seafloor-exposed basalts (Santelli et al., 2008 (Santelli et al., , 2009 ), near-surface hydrothermal fluids circulating within basaltic outcrops (Huber et al., 2006) , and hydrothermal fluids collected from sulfide-and/or iron-rich hydrothermal vents (Suzuki et al., 2004; Perner et al., 2007; Takai et al., 2008; Rassa et al., 2009 ). This disparity suggests that, although the crustal subsurface shares similar mineralogical and geochemical characteristics with the other habitats, it nonetheless harbors a unique subsurface crustal biosphere (Orcutt et al., 2011) . Investigations of other subsurface crustal habitats are necessary to evaluate this hypothesis.
Here, we report the results of culture-independent 16S rRNA and RuBisCO gene molecular surveys conducted on opportunistic borehole fluid and mineral crust samples collected from an observatory in ODP Hole 896A. Hole 896A is located on the southern flank of the Costa Rica Rift in the equatorial Pacific Ocean at a water depth of 3,440 m (Shipboard Scientific Party, 1993) . The borehole was drilled in 1993 to a maximum depth of 469 meters below seafloor (mbsf), with the lowermost 290 m penetrating roughly 6.8 million-year-old altered basaltic basement. Many features of the Hole 896A crustal aquifer are similar to those observed at the Juan de Fuca Ridge flank sites mentioned earlier.
For instance, both sites are characterized by pillow and sheet-flow plagioclase-olivine phyric basalts; and vein filling with saponite and celadonite alteration minerals indicates complex hydrothermal evolutions of the systems (Alt et al., 1996; Hunter et al., 1999) . Furthermore, formation fluids at Hole 896A are roughly 58 • C (Becker et al., 2004) , which is similar to those observed in the Juan de Fuca boreholes. Chemically, the basement fluids at both sites are characterized by reduced, high sulfate, low alkalinity fluids with relatively high calcium and low magnesium contents, indicating hydrothermal fluid-rock interactions (Table 1) . Finally, both sites are located on buried basement highs (Alt et al., 1996; Fisher et al., 2005) with inferred fluid flow on the order of hundreds of liters per hour (Becker et al., 2004) . As at the Juan de Fuca Ridge flank sites, microbial alteration textures, elemental analyses, cell counts, extractable DNA, and carbon and oxygen isotope data from basalts of Hole 896A indicate microbial activity (Giovannoni et al., 1996; Fisk et al., 1998; Torsvik et al., 1998; Furnes et al., 2001) .
In this study, samples were collected from an observatory placed at Hole 896A in 2001 and revisited in 2002 (Becker et al., 2004) to conduct comparative phylogenetic analysis for evaluating the in situ microbial communities.
MATERIALS AND METHODS

STUDY SITE
ODP Hole 896A on the Costa Rica Rift (1 • 13 N, 83 • 43 W; Figure 1 ) is 3,463 m below sea level and drilled to a depth of 469 mbsf (Figure 1) . The lower 290 m of the hole consists of altered basaltic oceanic crust. During drilling in 1993, the upper 196 m section of Hole 896A was cased, thus sealing out sediment pore water and allowing the influx and accumulation of hydrothermal subsurface fluids from the basaltic crust. In 2001, roughly 8 years after the borehole was originally drilled, a wireline packer seal apparatus similar to a CORK observatory was deployed with the intent to plug the hole, record the pressure and temperature in the sealed zones, sample borehole formation fluids, and monitor the return to in situ hydrogeological conditions (Becker et al., 2004) . The wireline CORK apparatus was constructed primarily from mild steel, and it included one packer in the cased section and a second packer intended to be set about 50 m into the openhole section, as well as steel tubing umbilicals to bring formation fluids to sampling ports at the wellhead. However, on deployment, the lower packer became stuck in the hole about 20 m above the intended setting depth. In the attempts to deal with this, it is likely that the tubing umbilicals were damaged and the packers could not be inflated to seal the hole. (Mottl and Gieskes, 1990; Wheat and Mottl, 2000) . c Near steady-state formation fluid from Hole U1301A CORK OsmoSamplers deployed in basement borehole for ∼4 years (Wheat et al., 2010 (Wheat and Mottl, 2000) . e Bottom seawater from the Costa Rica Ridge flank (Mottl, 1989) . Immediately prior to the attempt to deploy the wireline packer, a video and temperature log had been conducted to verify that the hole was open down to the intended setting depth of the lower packer about 50 m into open hole. The temperature log indicated that upper basement formation fluids were being produced up the hole, with an average temperature of 57.8 • C and total fluid flow rate through the casing of 12 m/h, equivalent to a volume flux of 800 l/h (Becker et al., 2004) . In situ video monitoring revealed the presence of thick whitish crusts resembling sulfur-oxidizing bacterial mats on both the cased and open-hole sections of Hole 896A, and flocculent material seems to be entering the borehole around 220 mbsf (Becker et al., 2004) .
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SAMPLE COLLECTION
Roughly 15 months after the installation of the observatory, fluid and microbial mat samples were collected on November 18, 2002 during submersible operations with DSV Alvin (Dive 3840; Woods Hole Oceanographic Institution). Because the wireline CORK packers had not been inflated, it is likely that the uphole flow of upper basement fluids revealed by the 2001 temperature log was continuing up around the wellhead. The microbial mat sample, referred to as mat, consisted of a flocculent grey crust growing on the seawater exposed exterior of Port L that was swabbed with a fresh green plastic sponge, which was exposed to seawater and therefore not sterile (Figure 2A) . The sponge was stored on the submersible in a closed plastic biobox filled with site bottom water before return to the ship. The fluid sample, referred to as bore, consisted of fluids collected at a wellhead sampling port about 10 min after the valve (Port L; Figure 2A ) was opened, into an ethanol-sterilized titanium bottle using a flexible sampling hose ( Figure 2B ). The sampling port was connected to the tubing leading from just below the lower packer. However, because of the possibility of damage to the umbilical and lack of packer seal, it is likely that a mix of bottom water and true formation fluids was being sampled. No warm water venting and efflux of borehole water was observed at Port L. After return to the ship, approximately 0.75 l of borehole fluid was filtered, using a handpump, through a 90-mm diameter 0.22 μm mesh nylon filter to collect particulate matter and microorganisms. Both samples were returned to the ship (RV Atlantis, Woods Hole Oceanographic Institution) within a few hours and immediately frozen at −80 • C for preservation of DNA. Samples were then transported frozen to a shore-based laboratory.
DNA EXTRACTION, AMPLIFICATION, AND SEQUENCING
Environmental DNA was extracted from samples following a protocol modified from two published procedures for extracting DNA from deep subsurface sediments (Juniper et al., 2001 ; Kormas www.frontiersin.org , 2003) . Using sterilized tools, the filter and sponge were cut into pieces and then transferred into replicate vials of 6 ml DNA extraction buffer (200 mM NaCl, 200 mM Tris, 2 mM sodium citrate, 10 mM CaCl 2 , 50 mM EDTA, pH 8). The filter pieces were vortexed, and subjected to two freeze-thaw cycles (alternating −80 • C and +65 • C). Fifty microliters of Proteinase K (20 mg/ml) and 100 μl of 20% [w/v] sodium dodecyl sulfate (SDS) were added, and the samples were incubated for 30 min at 37 • C. About 1.5 ml of 20% SDS was added and the samples were incubated at 55 • C for 2 h in a shaking chamber. Then, the samples were centrifuged at 6,000×g for 10 min, the supernatant was harvested, an equal amount of 24:25:1 phenol/chloroform/isoamyl alcohol was added, and they were centrifuged again at 6,000×g for 10 min. The upper phase was harvested and 2.5× volume of ice-cold ethanol and 0.1× volume of ice-cold 5 M NaCl were added. The samples were placed in the −80 • C freezer overnight to allow for DNA precipitation. The DNA was harvested by centrifuging at 10,000×g for 30 min, removing the supernatant, washing with 500 μl of 70% EtOH, and centrifuging again at 10,000×g for an additional 30 min. The remaining pellet was allowed to air dry before re-dissolving in 50 μl sterile water. To obtain more sequences, additional filter and mat samples were extracted with the Powersoil DNA Isolation Kit (Mobio) according to the manufacturer's instructions and final volume of 50 μl elution solution.
Near full-length 16S rRNA genes were amplified by polymerase chain reaction (PCR) using bacterial primers BAC-8F (5 -AGRGTTTGATCCTGGCTCAG-3 ) and BAC-1492R (5 -CGGCTACCTTGTTACGACTT-3 ; Lane, 1991) . The PCR mixture for the phenol/chloroform/isoamyl alcohol extracted samples consisted of 1 μl of the environmental DNA, 2 μl of each primer (0.5 mM), 0.5 μl of enzyme included in the Failsafe TM PCR System kit (EpiCentre Biotechnologies), 25 μl of Failsafe TM Premix B and a balance of water for a total reaction volume of 50 μl. The PCR cycle conditions involved an initial denaturation at 95 • C for 2 min, followed by 30 cycles of denaturation at 95 • C for 1 min, annealing at 55 • C for 1 min, and extension at 72 • C for 3 min. These 30 cycles were followed by a final extension at 72 • C for 10 min. Samples extracted with the Mobio Powersoil DNA Isolation Kit were amplified with Speedstar HS DNA Polymerase (Takara) using 2 μl of DNA sample and the manufacturer's recommendations concentrations of buffer, dNTPs, and polymerase in a final volume of 25 μl. Thermal cycling was performed as previously described above with the exception that cycling times were 95 • C for 10 s, 52 • C for 15 s, and 72 • C for 20 s over 28 cycles.
To examine the potential for autotrophy using the Calvin cycle, ccbL and ccbM genes involved in the formation of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) from the mat sample environmental DNA were PCR amplified as described previously (Elsaied and Nagamuna, 2001 ). An initial round of PCR, cloning and sequencing yielded only one cbbL clone and three cbbM clones (mat clones A06, E03, H09, and F03). Additional DNA was amplified from the Powersoil Isolation Kit extractions with the GoTaq Flexi DNA Polymerase (Promega) using a final concentration of 3 mM MgCl 2 , 1 μM of each primer, and the manufacturer's recommendation of dNTP, buffer, and polymerase concentration. Primers for the cbbL gene included cbbL1AF172 (5 -ACNTGGACNACNGTNTGG-3 ) and cbbL1AR1382 (5 -TCR AAYTTGATYTCBTTCCA-3 ). Primers for the cbbM gene included cbbM337F (5 -AACCARGYATGGGYGAY-3 ) and cbbM1126R (5 -TCATRCCVCCVGADAT-3 ). In the bore sample, non-specific priming was extensive in one cbbL PCR sample and an additional primer, cbbL1AR1142 (5 -GGCATRTGCCANACRT GRAT-3 ), was used with primer cbbLAF172 in a nested PCR using 0.2 μl of the bore PCR sample and the same mixture and cycling conditions described above, with the exception that the number of cycles was reduced to 20. We note that the cbbL primers did not fully target the total diversity of the "red-like" IC form of RuBisCO (Badger and Bek, 2008) due to the need to limit the number of degeneracies; some diversity may have been missed.
The PCR products were subjected to 1.5% agarose gel electrophoresis, stained with 0.5 μg/ml of ethidium bromide or 1× GelRed (Biotium), and visualized by UV excitation for bands indicating successful DNA amplification. PCR products were either excised from the agarose gel or directly purified using the Wizard PCR preparation kit (Promega) or the Qiagen Minelute Gel Extraction kit, and then cloned using TOPO XL PCR cloning kit (Invitrogen) . From each clone library, clones were selected randomly for sequencing at the Josephine Bay Paul Center of the Marine Biological Laboratory in Woods Hole, MA, USA or Genewiz (Research Triangle Park, NC, USA).
PHYLOGENETIC ANALYSIS
Raw 16S rRNA gene and RuBisCO sequences were edited using Chromas or Sequencher (Genecodes) software to remove cloning vector sequences, and potential chimeric sequences were evaluated using Pintail 1 . Closely related sequences were identified using the Basic Local Alignment Search Tool (BLAST) program searches in GenBank 2 (Altschul et al., 1997) . 16S rRNA gene sequences were aligned against a curated sequence database (using the NAST alignment tool available at greengenes.org; DeSantis et al., 2006a) and manually checked for alignment accuracy against reference sequences from the Greengenes database (DeSantis et al., 2006b) using the ARB software package (Ludwig et al., 2004) . A phylogenetic tree of the nearly full-length 16S rRNA gene sequences of this study, plus key reference sequences, was calculated in ARB based on Jukes-Cantor distances via neighbor joining. The cbbL and cbbM gene sequences were translated to amino-acid sequences and aligned with Clustal W in MEGA 4.0 (Kumar et al., 2008 ) using a Gonnet protein weight matrix. The RuBisCO phylogeny was constructed in MEGA using a neighbor-joining method based on Poisson-corrected distances. Statistical support of tree topology was estimated by bootstrapping with 1,000 replicates in MEGA. The 16S rRNA gene sequences reported here are available in GenBank under the accession numbers GQ903340-GQ903342, GQ903344, GQ903346-GQ903350, and GQ903352-GQ903376. The RuBisCO genes have GenBank accession numbers HQ856238-HQ856241 and JQ795724-JQ795729.
The similarity of the bore and mat 16S rRNA gene clone libraries to previously published clone libraries was evaluated by comparing sequence similarity distance matrices with the programs DOTUR and SONS Handelsman, 2005, 2006) using methods described previously (Santelli et al., 2008) . In particular, the nearly full-length Hole 896A 16S rRNA gene sequences were compared to sequence datasets generated from seafloorexposed basalts from the East Pacific Rise and the Loihi Seamount (Santelli et al., 2008) ; from subsurface (3 m) hydrothermal basalt formation fluids from the Baby Bare outcrop on the Juan de Fuca Ridge flank (Huber et al., 2006) ; from fluids freely venting from the ODP Hole 1026B borehole (Huber et al., 2006) ; from bottom water samples collected above the Juan de Fuca Ridge flank (Huber et al., 2006) ; and from seafloor-exposed inactive massive sulfides from the East Pacific Rise (Sylvan et al., 2012) . Sequence datasets were compared to identify the number and type of shared "species" between samples, with "species" operationally defined as operational taxonomic units (OTUs) with 97% or greater sequence similarity, as defined previously (Santelli et al., 2008) . Sequence distance matrices were generated in ARB using the neighbor-joining method, the Jukes-Cantor correction, and application of an in-program filter for bacteria, of E. coli base pair positions 228-1420. Diversity estimators were calculated in DOTUR under standard settings at the 97% or greater sequence similarity definition level, and shared richness estimates were generated using standard settings in the SONS program.
1 www.bioinformatics-toolkit.org/Web-Pintail/ 2 www.ncbi.nlm.nih.gov
RESULTS
16S rRNA GENE PHYLOGENY
A total of 66 and 60 nearly full-length 16S rRNA gene clones were successfully sequenced from the bore and mat sample clone libraries, respectively. Phylogenetic analysis of the clone libraries revealed 40 phylotypes from several bacterial phylum-level groups including Bacteroidetes, aerobic and anaerobic heterotrophs widespread in soil and water (Kirchman, 2002) ; Cyanobacteria; Actinobacteria (OM1 group; Rappé et al., 1997) , oxygenic marine phototrophs; the phylum-level lineages Verrucomicrobia and Planctomycetes, often detected in oxygen-depleted marine habitats (Kirkpatrick et al., 2006) and with relatively few cultured chemoorganotrophic isolates (Wagner and Horn, 2006) ; and diverse Alpha-, Gamma-, and Epsilonproteobacteria (Figures 3  and 4) . The seven most abundant phylotypes (highlighted in purple in Figures 3 and 4) were found in both the borehole fluids and the microbial mat.
Despite using bacteria-specific 16S rRNA gene primers, one archaeal clone was also recovered from the mat sample. This clone, mat1, was related to Thermocladium modestius, an extremely thermophilic crenarchaeote isolated from acidic hot spring areas in Japan (Itoh et al., 1998) . The presence of an archaeal clone in a bacterial 16S rRNA gene clone library was unexpected, given that the bacterial and archaeal versions of the forward primers had five nucleotide mismatches and thus strong PCR bias against archaeal gene amplification.
A number of sequences grouped near known sulfur cycling microorganisms. Phylotype mix2 was related to the free-living, autotrophic, oxygen-and nitrate-respiring, sulfur-oxidizing genus Thiomicrospira of the Gammaproteobacteria; this phylotype comprised nearly half of the sequences of both the bore and mat clone libraries (Figure 3) . This phylotype has also been observed in clone libraries from seafloor-exposed massive sulfides (Sylvan et al., 2012) and in fluids sampled from the ODP Hole 1026B observatory on the Juan de Fuca Ridge flank (Huber et al., 2006) . One bore phylotype affiliated with the sulfur-oxidizing chemolithoautotrophic Epsilonproteobacteria Sulfurimonas denitrificans and S. autotrophica. Generally, hydrogen-and sulfuroxidizing, chemolithoautotrophic Epsilonproteobacteria have a wide environmental distribution at hydrothermal vents and in marine surficial sediments (Campbell et al., 2006; Nakagawa and Takai, 2008) and employ an alternative pathway of autotrophic CO 2 fixation, the reverse tricarboxylic acid (TCA) cycle (Hügler et al., 2005) . The whitish mats deposited on the walls of the observatory and recorded in video logs of the Hole 896A borehole (Becker et al., 2004 ) bear a conspicuous resemblance to the sulfur precipitates and flocs produced by sulfur-oxidizing bacteria (Kuenen and Veldkamp, 1972; Taylor and Wirsen, 1997; Wirsen et al., 2002) .
Several other bore and mat sequences also grouped most closely with uncultivated environmental sequences recovered from seawater-exposed basalts and inactive sulfides from the East Pacific Rise and Hawaii (Santelli et al., 2009; Sylvan et al., 2012) , from hydrothermal fluids from a basaltic outcrop (Huber et al., 2006) and from cold seep and hydrothermally influenced deep marine sediments. These phylotypes are highlighted with colored circles in Figures 3 and 4 . Nine of the forty observed bacterial www.frontiersin.org phylotypes, marked with black circles, grouped closely with phylotypes from inactive massive sulfide samples collected from the East Pacific Rise (Sylvan et al., 2012) , whereas eight phylotypes, marked with green circles, were shared with clone libraries from seafloorexposed basalts (Santelli et al., 2009) . Three phylotypes, marked with white and yellow circles, were similar to clones from samples from other deep basalt observatories. Of these, one alphaproteobacterial sequence (Figure 4 ) grouped closely with a sequence from a biofilm formed on pyrite incubated in the subsurface for 4 years (Orcutt et al., 2011) ; the Thiomicrospira-related clone mix 2 and Prochlorophyte clone mat 3 are close to clones from venting basalts at Baby Bare on the Juan de Fuca ridge (Huber et al., 2006) . No 16S rRNA clone library phylotypes were shared between the Hole 896A samples and background bottom water collected above basaltic lavas the Pacific Ocean (Santelli et al., 2008) . While the identification of shared phylotypes is robust, shared diversity estimates between the sample sets were tested, but they were skewed due to the difference in clone library sizes between the Hole 896A samples and the comparison studies, and the possibility of seawater entrainment in the Hole 896A samples.
Several sequences grouped most closely to environmental sequences commonly found in seawater (Figures 3 and 4) . For example, the bore18 phylotype grouped near Pelagibacter ubique within the SAR 11 cluster, a cosmopolitan clade of marine oligotrophic bacteria (Rappé et al., 2002) . Several alphaproteobacterial phylotypes from each sample grouped within the Rhodobacteraceae or marine Roseobacter group, a cosmopolitan group of marine bacteria that often metabolize and oxidize organosulfur compounds (Buchan et al., 2005; Brinkhoff et al., 2008) . Two phylotypes were most closely related (99% identity) to sequences from the marine cyanobacterial genus Prochlorococcus, which is found at varying depths in the water column in oceans worldwide (West et al., 2001) . The presence of these phylotypes is unexpected in samples of oceanic basement formation fluids, and indicates seawater entrainment and contamination during sampling of the bore and mat samples at the observatory platform, or seawater entrainment into the mixed borehole fluids itself. Moreover, the occasional close phylogenetic association of some phylotypes with known aerobic chemoorganotrophic isolates, such as Flaviramulus basaltis and Marivirga tractuosus (Figure 3) , suggests chronic oxic seawater mingling with basement fluids at the Hole 896A observatory.
RuBisCO PHYLOGENY
Amplification of the cbbM and cbbL genes of RuBisCO yielded sequences of sufficient length and quality for phylogenetic analysis from the mat sample and from the borehole fluid sample. BLAST search based on amino-acid sequence, and subsequent phylogenetic analysis (Figure 5) revealed that most cbbL sequences (mix clone ODP3_4_1) recovered from the mat (45 clones) as well as the borehole sample (16 clones) were most closely related to the obligately chemolithoautotrophic, sulfur-oxidizing gammaproteobacterial genera Thioalkalivibrio, isolated from Siberian and East African soda lakes (Sorokin et al., 2001 ; Thioalkalivibrio thiocyanoxidans, GenBank accession ZP_08930733, 93% identity), to sequences from hypersaline soda lake sediment in Kulunda Steppe (Russia; Kovaleva et al., 2011 ; GenBank ADN96557, 97% identity), and to the facultatively phototrophic sulfur oxidizer Thiocapsa (Guyoneaud et al., 1998) , capable of chemolithoautotrophic growth with reduced sulfur compounds under microoxic conditions (Caumette, 1986) . Other clones (mix clone ODP 6_1_9; five bore and one mat clone) were most closely related to Thiomicrospira (Thiomicrospira crunogena, GenBank YP_391108, 94% identity) isolated from marine sediments and hydrothermal vents (Jannasch et al., 1985; Scott et al., 2006) and the obligately autotrophic hydrogen oxidizer Hydrogenovibrio marinus, phylogenetically a lineage within the genus Thiomicrospira (GenBank BAD15312, 93% identity; Nishihara et al., 1998) . Two other borehole sequences were most closely related to those from a pogonophoran bacterial endosymbiont from a cold methane seep in the Japan Trench .
Only five cbbM sequences from the mat and bore sample were obtained in total despite attempts to amplify the gene with published (Elsaied and Nagamuna, 2001 ) and newly designed primers (this study). The cbbM sequences recovered from the Hole 896A samples were related to cbbM sequences of uncultivated bacteria from the hydrothermally active Suiyo Seamount, a submarine black smoker volcano in the Izu-Bonin trench off Japan (Clone Suiyo II-5, nucleotide accession number AB174751, protein ID BAD13304; Elsaied et al., 2007) and to cbbM sequences obtained from reducing sediments near the deepest known chemosynthetic microbial community, in deep-sea sediments of the Japan Trench at 7,434 m depth (Clone JT-Sed(II)-5, nucleotide accession number AB040517, protein ID BAD94441; Elsaied and Nagamuna, 2001 ; Figure 5 ).
DISCUSSION
The phylogenetic data presented here from Hole 896A on the Costa Rica Rift flank represents the second dataset from a basaltic crust borehole observatory, providing the first comparison to the available data from the Holes 1026B and U1301A CORK observatories www.frontiersin.org on the Juan de Fuca Ridge flank (Cowen et al., 2003; Nakagawa et al., 2006; Orcutt et al., 2011) . Such comparisons face important limitations; the two samples from the Hole 896A observatory were not pristine, and the sample type (formation fluids from the damaged observatory, and a scraping of a mat on the observatory exterior -both with likely seawater admixture) differs from previous samples, for example the enrichments on mineral surfaces in Hole U1301A (Orcutt et al., 2011) , the CORK mineral crusts at Hole U1301A , the vent fluids at Hole 1026B (Huber et al., 2006) , or the biocolumn enrichments at 1026B (Cowen et al., 2003) . However, we believe that the samples still allow broad comparisons toward a more complete picture of the biosphere hosted in subsurface oceanic crust. Our analysis also highlights operational issues that need to be addressed for future efforts to investigate the subsurface deep biosphere.
COMPARISON OF HOLE 896A MICROBIAL COMMUNITIES TO THOSE FROM OTHER HABITATS
Based on 16S rRNA gene clone libraries, the microbial communities observed in the Hole 896A samples (Figures 3 and 4) bore little resemblance to the communities described in formation fluids and mineral crusts from Holes 1026B and U1301A, despite the previously reported similarities in mineralogy, basement fluid chemistry, and temperature ( Table 1) . Holes 1026B and U1301A on the Juan de Fuca ridge flank reveal subsurface microbial communities characterized by an abundance of Firmicutes bacteria (Cowen et al., 2003; Nakagawa et al., 2006; Orcutt et al., 2011) . The predominant bacterial phylotypes in the Hole 1026B clone libraries were distantly related to thermophilic, nitrate-, and sulfate-reducing bacteria, such as the hydrogen-oxidizing nitrate-reducing ammonia producer Ammonifex degensii, and the gram-positive, spore-forming sulfate reducing genus Desulfotomaculum. In contrast, the Hole 896A observatory samples were dominated by sequences grouping with Gammaproteobacteria related to the chemolithoautotrophic, sulfur-oxidizing genus Thiomicrospira that is predominantly isolated from sulfidic marine sediments and hydrothermal vents, and hydrothermal plumes; these bacteria were not detected in other borehole surveys (Cowen et al., 2003; Nakagawa et al., 2006; Orcutt et al., 2011) .
One explanation for these differences in the dominant members of the microbial communities, with suspected metabolic differences as well, may be different redox regimes within the boreholes, despite the similarity in major ion concentrations of the formation fluids (Table 1) . Namely, the extensive accumulation of white flocculent crusts in Hole 896A (Becker et al., 2004) suggests microoxic or nitrate-reducing conditions, while an anaerobic environment is known to prevail in Holes 1026B and U1301A (Wheat et al., 2010) . The formation of extensive white flocs is also known from bioreactor experiments, where microaerobic sulfur-oxidizing bacteria produce extracellular sulfur in large amounts (Taylor and Wirsen, 1997) ; sulfur precipitation is also a characteristic by-product of aerobic, sulfur-oxidizing Thiomicrospira spp. growing in laboratory culture (for an instructive example, see Figure 2 in Kuenen and Veldkamp, 1972) . The in situ observation of the flocculent matlike material within the Hole 896A borehole (Becker et al., 2004) indicates in situ production of biomass and flocculent mats by sulfur-oxidizing bacteria within the borehole. Seawater influence at the Hole 896A CORK observatory is consistent with this interpretation. If seawater were entrained or mixed with the borehole fluids, which are presumably rich in reduced substrates such as sulfur and iron, this might create an ideal niche for the enrichment for the sulfide-oxidizing and biofilm-forming phylotypes observed. The sulfur-oxidizing bacteria that dominate the borehole could ultimately be derived from bottom water mixed with highly dilute hydrothermal plumes and microbial populations (Huber et al., 2006 (Huber et al., , 2007 . The observation of seawater-related phylotypes such as SAR11, Roseobacter, Prochlorophytes, and OM1 Actinobacteria in the bore hole sample clone libraries also supports the argument for seawater entrainment. In consequence, the in situ enrichment of bacteria growing under likely conditions of seawater entrainment in the borehole and within the CORK distorts the assessment of potential indigenous microbial diversity in basaltic basement fluids (Cowen, 2004) .
AUTOTROPHIC POTENTIAL
Based on theoretical models of the energy available from sulfur and iron oxidation in basaltic crust, significant levels of primary production should occur in the subsurface (Bach and Edwards, 2003) , a prediction testable by RuBisCO genes analysis. RuBisCO catalyzes the assimilation of carbon dioxide to organic carbon via the Calvin-Benson-Bassham cycle. Of its currently four known forms, form I is oxygen tolerant and found predominantly in cyanobacteria, chloroplasts, and aerobic chemolithoautotrophic bacteria, while form II is adapted to high CO 2 conditions and found predominantly in microaerobic or anaerobic bacteria (Delwiche and Palmer, 1996; Badger and Bek, 2008) . We observed both forms of RuBisCO in the Hole 896A mat and borehole samples ( Figure 5) . RuBisCO sequences were phylogenetically related to Thiomicrospira, the closest cultured relative of the most frequently recovered 16S rRNA sequences at the 896A CORK. The form I RuBisCO sequences obtained from the bore hole and from the mat sample were most closely related to the sulfur-oxidizing chemolithoautotrophic genera Thioalkalivibrio, Thiocapsa, and Thiomicrospira, within the form IA "green-type" clade that is associated with proteobacteria and cyanobacteria (Badger and Bek, 2008) . This pattern is consistent with the 16S rRNA sequencing results, and with the interpretation that the borehole fluid and the mat sample contain autotrophic, sulfur-oxidizing bacteria related to these gammaproteobacterial genera. The presence of additional autotrophic bacteria (or of bacteria that contain form II in addition to one of the form I sequences found here) is indicated by the form II sequences in the mat; these sequences were related to RuBisCO of uncultured marine bacteria, not from the open water column but from methane seep sediments and hydrothermal plumes ( Figure 5) .
As a note of caution, RuBisCO has a high rate of horizontal gene transfer events (Delwiche and Palmer, 1996) . The gammaproteobacterial form I types are also found in cyanobacteria, for example, the common marine cyanobacterium Prochlorococcus which most likely acquired its RuBisCO genes by horizontal gene transfer (Hess et al., 2001) . Thus, the RuBisCO sequences do not rule out seawater contamination, as indicated by the two Prochlorococcus 16S rRNA gene sequences found in the borehole fluid (Figure 3) . A certain degree of seawater contamination is obvious, but it does not invalidate the abundance of phylotypes most closely related to sulfur-oxidizing bacteria (Thiomicrospira, Sulfurimonas) and to basalt-associated bacterial phylotypes. With this caveat, the 16S rRNA gene and RuBisCO sequence data are consistent with autotrophic, most likely sulfur-oxidizing bacterial populations growing within the borehole and on the sampling ports of the CORK; this interpretation is fully consistent with in situ borehole observations of microbial mat growth within the borehole (Becker et al., 2004) .
RECOMMENDATIONS FOR FUTURE OBSERVATORY STUDIES
The Hole 896A observatory was installed for primarily geophysical experiments (Becker et al., 2004) and was not designed for high-quality sampling for microbiological analysis of the subsurface crustal biosphere. Nevertheless, samples were collected opportunistically and analyzed despite potential contamination pitfalls, as they represented a unique chance to evaluate the crustal biosphere. Our analysis indicates that fluids from the crustal subsurface mixed with seawater can support microbial communities that appear to form biofilms, and that some of these biofilmforming species are related to known sulfide oxidizing microbial groups like Thiomicrospira. Given the stark differences in the microbial communities observed between subsurface observatories placed in similar crustal settings (i.e., between the Hole 896A observatory and the Juan de Fuca Ridge flank Holes 1026B and U1301A), enhanced sample characterization may shed light on the underlying environmental conditions that could explain these differences. For example, analysis of borehole fluid oxygen, nitrate and redox conditions may help resolve whether the presence of these electron acceptors may have influenced the Hole 896A community. A time series analysis of the Hole 896A observatory would provide background information on whether the observed community was representative of "steady state" formation fluids or if it instead represented a transitory evolution of the community post-observatory installation, as has been observed elsewhere for microbial communities in other boreholes (Orcutt et al., 2011) . Most importantly, improvements in the Hole 896A observatory infrastructure to allow cleaner microbiological sampling would reduce the confounding influence of seawater contamination.
